Abstract-This paper presents a new non-rare-earth axial-field magnetic variable gear (MVG). By real-time changing the numbers of permanent magnet (PM) pole-pairs in the input and output rotors, the gear ratio becomes controllable. The key is to propose a new stationary ring integrated with magnetizing windings in such a way that various PM pieces can be independently magnetized to form different pole-pair numbers. After introducing the unique features of the non-rare-earth PM material aluminum-nickel-cobalt (AlNiCo), the proposed topology and design principle are discussed. By using finite element analysis, the electromagnetic performances of the proposed MVG under different gear ratios are analyzed. In particular, the corresponding torque transmission capability is assessed, and the influence caused by the introduction of the magnetizing windings is discussed. Hence, the validity of the proposed MVG can be verified.
INTRODUCTION
There are considerable concerns on the development of electric vehicles and wind turbines due to the accelerating demands on green energy and environmental protection [1, 2] . In these applications, the mechanical gearbox plays a vital role for power transmission. Hence, the torque or speed can be properly amplified to fulfill various load conditions. However, the mechanical gearbox inevitably suffers from the drawbacks of contact friction, gear noise and need of regular maintenance [3, 4] .
Based on permanent magnet (PM) material, magnetic gears are recognized as one of the most promising candidates to compete with mechanical gears because they offer the merits of noise free, contactless operation and maintenance free [5, 6] . In particular, the coaxial magnetic gear as shown in Figure 1 (a) utilizes the principle of magnetic field modulation to realize torque transmission, hence achieving comparable torque density as that of the mechanical gear [7] . Consequently, many types of magnetic gears are derived from the principle of magnetic field modulation. As shown in Figure 1 (b), the magnetic gear adopts tangentially magnetized PMs to provide the merits of flux concentration and high mechanical integrity [8] . Then in order to reduce the cost of PM material, the interior-magnet outer-rotor concentric magnetic gear is developed as depicted in Figure 1 (c) [9] . Meanwhile, as shown in Figure 1(d) , the Halbach magnetic gear incorporates the Halbach PM array to reduce the torque ripple [10] .
Since most magnetic gears can only offer a fixed gear ratio, they cannot directly replace the mechanical gearboxes for electric vehicle or wind turbine applications. Thus, some researchers propose the double-rotor machine to perform the concept of electronic-continuously variable transmission [11, 12] . Unfortunately the corresponding slip rings and carbon brushes need regular maintenance, which deteriorates the reliability of the whole system. Consequently the concept of coaxial magnetic variable gear (MVG) is proposed which can offer multiple gear ratios [13] . On the other hand, it has been identified that the magnetic gears can offer various morphologies such as the axial-field morphology [14] and linear-field morphology [15] . In particular, the axial-field magnetic gear takes the definite advantages of higher torque density and higher power density than its radial-field counterpart because the axial-field morphology can offer larger effective areas than the radial-field one for torque production [16] . This paper aims to extend the concept of coaxial MVG to the axial-field counterpart, hence achieving high torque density with changeable gear ratios. The key is to positively utilize the major drawback of the non-rare-earth PM material aluminum-nickel-cobalt (AlNiCo), namely the low coercivity, to create the capability of changeable gear ratios. Firstly, the development of non-rare-earth PM AlNiCo will be presented. Then, the configuration and design principle of the proposed MVG will be described. By using finite element analysis, the electromagnetic performances of the proposed axial-field MVG under different gear ratios will be simulated and evaluated. Meanwhile, the influence caused by the introduction of the magnetizing winding will be discussed. Figure 2 briefly depicts the development of PM materials [17] . Among them, the ferrite, AlNiCo, samarium-cobalt (SmCo) and neodymium-iron-boron (NdFeB) are four main types of PM materials. Nowadays the NdFeB and SmCo PMs are widely adopted because of their high energy product, high remanence and high coercivity. However, they desire rare-earth elements which are very expensive and suffer from shortage of supply. Table 1 quantitatively summarizes the natural magnetic properties of these four types of PMs, where B r is remanence, H c is the coercivity, BH max is the maximum energy product and T c is Curie temperature.
DEVELOPMENT OF POLE-CHANGING PMS
The AlNiCo is a non-rare-earth PM, which is composed of aluminum nickel cobalt, a small amount of copper and a balance of iron. It is a potential candidate to compete with the rare-earth PMs for magnetic gear application because it can offer the merits of high remanence, high Curie temperature and very low cost [18, 19] . Although the AlNiCo PM suffers from low coercivity which is the capability to withstand demagnetization, it can be positively utilized to perform controllable magnetization such as for memory machines.
The first memory machine was a pole-alterable PM machine [20, 21] . It consists of the stator wound with armature windings and the rotor embedded with AlNiCo PMs. The key of this machine is that it employs the d-axis component of the armature current to magnetize the AlNiCo PMs to various levels of magnetization, hence achieving different magnitudes of airgap flux density or different numbers of PM pole-pairs. Since the magnetizing current is deduced from the AC armature current, it is so-called the AC-excited memory machine. On the other hand, by incorporating a small DC magnetizing winding into the stator-PM machine to online magnetize the AlNiCo PMs, the DC-excited memory machine is also derived [22, 23] . The DC-excited memory machine takes the advantages of higher robustness and better controllability than the AC-excited counterpart. In this paper, the concept of DC-excited memory machine is extended to the magnetic gear. Namely, the numbers of PM pole-pairs in the input and output rotors are online changed by properly magnetizing relevant PM pieces, hence changing the gear ratio of the magnetic gear. Differing from the previous DC-excited memory machine design, the numbers of PM pole-pairs are realized by magnetizing the PM pieces in both the input and output rotors simultaneously.
PROPOSED AXIAL-FIELD MVG
In order to fully retain the advantages of axial-field magnetic gears while providing the unique feature of variable-speed gearing, the idea of axial-field MVG is born. Figure 3 shows the topology of the proposed axial-field MVG which consists of the input rotor mounted with axially magnetized PM pieces, the stationary ferromagnetic modulation ring wound with DC magnetizing windings and the output rotor mounted with axially magnetized PM pieces. The key is to artfully embed the doublelayer DC magnetizing windings into the modulation ring in such a way that the capability of gear-ratio changing can be obtained. When the input rotor operates at a higher speed with a smaller number of PM pole-pairs and the output rotor runs at a lower speed with a larger number of PM pole-pairs, it realizes the torque amplification. On the contrary, when the input rotor adopts a larger PM pole-pair number and the output rotor uses a smaller PM pole-pair number, it realizes the speed amplification. This feature is actually widely used for variable-speed gearing in automobiles but handled by a complicated mechanical gearbox. Table 2 lists some key parameters of the proposed axial-field MVG. Firstly, in order to inherit the advantage of real-time changeable magnetization of PMs from the memory machine, the non-rare-earth PM material AlNiCo is adopted in the proposed axial-field MVG. Although the rare-earth PM based magnetic gears generally have better torque transmission than the non-rare-earth based magnetic gears, the non-rare-earth PM material AlNiCo can offer better costeffectiveness than the rare-earth PM material [19] . Also, the accident demagnetization of AlNiCo is invalid for the proposed axial-field MVG because of the absence of armature windings. Particularly, the high Curie temperature of AlNiCo makes it preferable for operating in harsh environment.
By properly designing the number of iron segments in the modulation ring, namely 37, the proposed axial-field MVG can offer 8 discrete sets of gear ratios, namely from 0.19 to 5.16. In order to realize the ability of changeable PM pole-pairs, the double-layer DC magnetizing windings are incorporated into the modulation ring. As shown in Figure 4 , the double-layer DC magnetizing windings can be easily inserted into the modulation ring since the windings just need to carry a temporary current for magnetization of PM pieces in the input and output rotors. When the gear-ratio changing mode is activated, namely the desired gear ratio is different from the existing gear ratio the double-layer DC magnetizing windings are injected with proper DC currents to magnetize the desired PM pieces. The process of magnetization of PM pieces in the two rotors are activated simultaneously to realize the desired numbers of pole-pairs so that the gear-ratio changing can be achieved within a short period, typically a few milliseconds. For the normal operation mode, the double-layer magnetizing windings are open-circuited so that they will not induce any circulating current to cause an adverse effect on the torque transmission. Nevertheless, the presence of magnetizing windings inevitably reduces the output torque and torque capability because of the reduction of effective area of the ferromagnetic material in the modulation ring. The design parameters of the proposed axial-field MVG are governed by:
where N s is the number of ferromagnetic segments in the stationary ring, N i is the number of PM pole-pairs in the input rotor N o is the number of PM pole-pairs in the output rotor, G r is the gear ratio, M 1 is the least number of PM pieces, m 1k is the least number of PM pieces of one possible gear ratio, N mi is the number of PM pieces in the input rotor, N mo is the number of PM pieces in the output rotor, N ow is the number of turns of the output-layer magnetizing winding, and N ow is the number of turns of the input-layer magnetizing winding, and T s , T i and T o are the electromagnetic torques developed at the stationary ring, input rotor and output rotor, respectively. Also, considering the practicability of the proposed axial-field MVG, the active widths of DC magnetizing windings are determined by:
where W ODC is the upper width of the magnetizing winding, W IDC is the lower width of the magnetizing winding, R os is the active outer radius, and R is is the active inner radius of the proposed MVG. Meanwhile, W ODC and W IDC should be as large as possible.
ELECTROMAGNETIC PERFORMANCE ANALYSIS
By using the finite element analysis software JMAG, the electromagnetic performances of the proposed axial-field MVG under different gear ratios are simulated. By properly changing the PM pole-pair numbers on the input rotor and output rotor, the gear ratio can be flexibly varied to fulfill different output requirements.
The process of gear-ratio changing starts when the existing gear ratio differs from the desired gear ratio. Since the gear ratio is governed by the numbers of PM pole-pairs in the output and input rotors, the relevant PM pieces that need changes in magnetic polarity are determined accordingly. In order to change the magnetic polarity of relevant PM pieces, the magnetizing windings located in the stationary ring are properly energized. Hence, the magnetizing current is used to effectuate the gear-ratio changing. Figure 5 illustrates how to change the magnetic polarity of one pair of PM pieces. It can be observed that initially the direction of magnetic flux in both the PM pieces 1 and 2 is from the right to the left. After injecting the DC current of 5 A into the magnetizing windings, the corresponding direction is reversed, namely from the left to the right. Since the two PM pieces can be simultaneously magnetized, the overall process is very effective. It should be noted that the magnetizing current should be applied at the instant that the PM piece 1 aligns with the PM piece 2. Such alignment can be ensured by simply using two position sensors coupled with the two rotors.
Moreover, in order to ensure that the magnetizing current is high enough to perform the desired gear-ratio changing, the change of the direction of magnetization of relevant PM pieces can be judged by the flux line during the simulation. For practical application, the magnetizing current is generally 20% higher than the simulation value to guarantee the success of gear-ratio changing.
According to the operation principle, the parameter N s is selected as 37 so that N o can be set as 6, 7, 8, 9, 28, 29, 30 and 31 while the N i can be set as 31, 30, 29, 28, 9, 8, 7 and 6 respectively. Hence, 8 discrete gear ratios G r = 6/31, G r = 7/30, G r = 8/29, G r = 9/28, G r = 28/9, G r = 29/8, G r = 30/7 and G r = 31/6 are resulted. The waveforms of airgap flux density and steady-state torque under 8 sets of gear ratios (G r = 6/31, G r = 7/30, G r = 8/29, G r = 9/28, G r = 28/9, G r = 29/8, G r = 30/7 and G r = 31/6) are simulated. Among them, the waveforms under two typical cases, namely G r = 6/31 for torque reduction (speed amplification) and G r = 31/6 for torque amplification (speed reduction) are shown in Figures 6 and 7 , respectively. From the airgap flux density waveforms in Figure 6 , it confirms that the number of polepairs in the output airgap is 6 and the number of pole-pairs in the input airgap is 31, which well agrees with the gear ratio of G r = 6/31. From the torque waveforms in Figure 6 , it can be observed that the steady-state torques at the output rotor and input rotor are 6.12 Nm and 31.05 Nm, respectively, which are in accordance with the gear ratio. Also, it can be observed that the torque exerted at the stationary ring is 37.3 Nm which equals the sum of the input steady-state torque and the output steady-state torque, validating the theoretical analysis. Meanwhile, the airgap flux density waveforms and torque waveforms shown in Figure 7 well agree with the gear ratio of G r = 31/6 and the theoretical analysis. Consequently, all steady-state torques under 8 sets of gear ratios are summarized in Table 3 . It can be observed that the relationship between the torques at the input rotor and output rotor well agree with their gear ratios. In addition, the torque transmission capability of the proposed axial-field MVG can be obtained by holding the output rotor while rotating the input rotor. Table 4 summarizes the torque transmission capabilities under 8 gear ratios. It can be observed that when G r = 6/31 the maximum torque exerted on the output rotor is 6.23 Nm while the maximum input torque is 31.62 Nm which further confirms that the torque transmission capability well agrees with the gear ratio. Obviously, the gear ratios G r = 6/31, G r = 7/30, G r = 8/29 and G r = 9/28 are used for those applications desiring speed amplification. Meanwhile, the gear ratios G r = 28/9, G r = 29/8, G r = 30/7 and G r = 31/6 are adopted for those applications desiring torque amplification. With these 8 gear ratios, the proposed axial-field MVG becomes very useful for those applications with wide speed and torque ranges. Particularly, the torque density of the proposed MVG can achieve 14.38 kN/m 3 which is very acceptable.
Furthermore, a comparative study of the proposed MVG with and without including the magnetizing windings is conducted. Table 3 and Table 4 summarize the electromagnetic performances of the proposed MVG which has included the magnetizing windings while Table 5 presents the torque performances of the proposed MVG if the magnetizing windings are omitted. It should be noted that the magnetizing windings are mandatory to provide the capability of gear-ratio changing, whereas the analysis in the absence of magnetizing windings aims to show the drawback accompanied with gear-ratio changing. As shown in Table 3 , the torque developed at the output rotor is 6.12 Nm under G r = 6/31. As listed in Table 5 , if there is no magnetizing winding in the stationary ring, the corresponding torque will be 6.95 Nm, which indicates that the inclusion of magnetizing windings has caused 12% reduction of output torque. In addition, if the magnetizing windings are absent, the maximum torque developed at the input rotor under G r = 6/31 will be 35.79 Nm as listed in Table 5 . Obviously, in the presence magnetizing windings, the corresponding torque is 31.62 Nm as listed in Table 4 , which also indicates that there is 11.7% reduction of torque capability due to the introduction of magnetizing windings. It is actually the price that the MVG needs to pay for the flexibility of gear-ratio changing which is very desirable for some industrial applications. It should be noted that the reductions of output torque and torque capability due to the introduction of magnetizing windings are inevitable because the effective area of the ferromagnetic material in the modulation ring is reduced in order to accommodate those copper windings. Thus, the flux modulation is adversely affected and the torque reduction is resulted. Nevertheless, the ferromagnetic modulation ring does not incur significant power loss because the copper loss occurs only during the process of gearratio changing which is only a short duration, and the iron loss is negligible as the operating frequency is normally less than 100 Hz.
CONCLUSION
This paper has presented a new axial-field MVG which incorporates the concept of axial-field magnetic gears and the concept of memory machines. The key is to online changing the numbers of PM polepairs in the input rotor and output rotor, hence achieving changeable gear ratios. The simulation results confirm that the proposed MVG can offer 8 discrete gear ratios, which will be very useful for those applications demanding a wide range of speeds and torques such as electric vehicles and wind turbines. Although the introduction of magnetizing windings for attaining the capability of gear-ratio changing inevitably degrades the torque transmission by at most 12%, the proposed magnetic gear can provide the unique feature of changeable gear ratios while achieving the torque density of 14.38 kN/m 3 . 
ACKNOWLEDGMENT

